In the present study, the groups of cutting conditions that minimize surface roughness and its variability are determined, in ball-end milling operations. Design of experiments is used to define experimental tests performed. Semi-cylindrical specimens are employed in order to study surfaces with different slopes. Roughness was measured at different slopes, corresponding to inclination angles of 15 • , 45 • , 75 • , 90 • , 105 • , 135 • and 165 • for both climb and conventional milling. By means of regression analysis, second order models are obtained for average roughness Ra and total height of profile Rt for both climb and conventional milling. Considered variables were axial depth of cut a p , radial depth of cut a e , feed per tooth f z, cutting speed v c, and inclination angle Ang. The parameter a e was the most significant parameter for both Ra and Rt in regression models. Artificial neural networks (ANN) are used to obtain models for both Ra and Rt as a function of the same variables. ANN models provided high correlation values. Finally, the optimal machining strategy is selected from the experimental results of both average and standard deviation of roughness. As a general trend, climb milling is recommended in descendant trajectories and conventional milling is recommended in ascendant trajectories. This study will allow the selection of appropriate cutting conditions and machining strategies in the ball-end milling process.
Introduction
In order to increase productivity and reduce costs, it is important to choose appropriate cutting conditions in high speed milling (HSM) processes because they will influence surface roughness and the dimensional precision obtained. For example, the tool inclination angle significantly influences the surface roughness obtained. When the tool is perpendicular to the workpiece's surface, cutting speed is zero at the tool tip [1, 2] . This implies that the tool tends to crush the material instead of cutting it.
In mathematical modeling of machining processes several methods can be used, such as statistical regression techniques, artificial neural network modeling techniques (ANN), and fuzzy set theory-based modeling [3] . Neural networks provide a relationship between input and output variables by means of mathematical functions, to which different weights are applied. A training algorithm is defined that consists of adjusting the weights of a network that minimize error between actual and desired outputs [4] . In recent times, neural networks have been used for modeling and predicting surface roughness in different machining operations. For example, Feng et al. modeled roughness parameters related to the Abbott-Firestone curve by means of ANN in honing operations [5] and in turning processes [6] . Özel et al. [7] and Sonar et al. [8] also employed ANN for modeling Tools employed were new or had little wear (average flank wear VB < 0.1 mm), in order to avoid influence of wear on surface roughness. Only three axes (X-Y-Z) were used. Semi-cylindrical workpieces were machined in order to assess the effect of slope on surface roughness (Figure 2a ). The material used for manufacturing the parts was a hot work tool steel W-Nr. 1.2344, hardened steel (50-54 HRC), with an approximate composition of 0.39% C, 1.10% Si, 0.40% Mn, 5.20% Cr, 1.40% Mo and 0.95% V.
A central composite design was chosen for modeling the behavior of both Ra and Rt, consisting of a two level factorial design with 4 factors (2 4 = 16 experiments), with 4 central points. Since first-order models turned out to be inadequate for modeling both behavior of Ra and Rt, 8 star points were added, thus providing an orthogonal design with star points located at an axial distance of 1.60717. Selected factors were feed per tooth (fz), axial depth (ap), cutting speed (vc), and radial depth (ae). The study was developed for finish machining. Low and high levels for the different factors are shown in Table 2 . For each experiment, roughness was measured at different angular positions corresponding to different inclination angles of the workpiece's surface, as explained in Section 2.2 ( Figure 2 ).
Roughness Measurement
Roughness was measured along different generatrices of the semi-cylindrical part in Figure 2a Tools employed were new or had little wear (average flank wear VB < 0.1 mm), in order to avoid influence of wear on surface roughness. Only three axes (X-Y-Z) were used.
Semi-cylindrical workpieces were machined in order to assess the effect of slope on surface roughness (Figure 2a) . The material used for manufacturing the parts was a hot work tool steel W-Nr. 1.2344, hardened steel (50-54 HRC), with an approximate composition of 0.39% C, 1.10% Si, 0.40% Mn, 5.20% Cr, 1.40% Mo and 0.95% V. A central composite design was chosen for modeling the behavior of both Ra and Rt, consisting of a two level factorial design with 4 factors (2 4 = 16 experiments), with 4 central points. Since first-order models turned out to be inadequate for modeling both behavior of Ra and Rt, 8 star points were added, thus providing an orthogonal design with star points located at an axial distance of 1.60717. Selected factors were feed per tooth (f z ), axial depth (a p ), cutting speed (v c ), and radial depth (a e ). The study was developed for finish machining. Low and high levels for the different factors are shown in Table 2 . For each experiment, roughness was measured at different angular positions corresponding to different inclination angles of the workpiece's surface, as explained in Section 2.2 ( Figure 2 ).
Roughness was measured along different generatrices of the semi-cylindrical part in Figure 2a Roughness parameters Ra and Rt were measured using a Taylor-Hobson Form Taylsurf Series 2 profile roughness tester (as Figure 4b shows ). An evaluation length of 4.8 mm (6 × 0.8 mm) was used, and a 2 μm radius stylus tip was used in conjunction with a 0.8 Gaussian cut-off filter and a bandwidth ratio of 320:1 to evaluate the Ra and Rt parameters. A stylus speed of 0.5 mm/s was used in conjunction with a 0.8 mN static stylus force and the stylus cone angle used was 90°. Figure 4a shows an example of a roughness profile. A quite regular profile with higher peaks than valleys was observed, which corresponds to ball-end milling. Although a high number of roughness parameters were measured, as shown in Figure 4a , parameters Ra and Rt were selected in order to obtain results related to a high averaging parameter (Ra) and a low averaging parameter (Rt). In addition, both roughness parameters are commonly used in roughness characterization [13, 24] . Roughness parameters Ra and Rt were measured using a Taylor-Hobson Form Taylsurf Series 2 profile roughness tester (as Figure 4b shows ). An evaluation length of 4.8 mm (6 × 0.8 mm) was used, and a 2 µm radius stylus tip was used in conjunction with a 0.8 Gaussian cut-off filter and a bandwidth ratio of 320:1 to evaluate the Ra and Rt parameters. A stylus speed of 0.5 mm/s was used in conjunction with a 0.8 mN static stylus force and the stylus cone angle used was 90 • . Roughness parameters Ra and Rt were measured using a Taylor-Hobson Form Taylsurf Series 2 profile roughness tester (as Figure 4b shows ). An evaluation length of 4.8 mm (6 × 0.8 mm) was used, and a 2 μm radius stylus tip was used in conjunction with a 0.8 Gaussian cut-off filter and a bandwidth ratio of 320:1 to evaluate the Ra and Rt parameters. A stylus speed of 0.5 mm/s was used in conjunction with a 0.8 mN static stylus force and the stylus cone angle used was 90°. Figure 4a shows an example of a roughness profile. A quite regular profile with higher peaks than valleys was observed, which corresponds to ball-end milling. Although a high number of roughness parameters were measured, as shown in Figure 4a , parameters Ra and Rt were selected in order to obtain results related to a high averaging parameter (Ra) and a low averaging parameter (Rt). In addition, both roughness parameters are commonly used in roughness characterization [13, 24] . Figure 4a , parameters Ra and Rt were selected in order to obtain results related to a high averaging parameter (Ra) and a low averaging parameter (Rt). In addition, both roughness parameters are commonly used in roughness characterization [13, 24] .
Photographs

A Leica S8AP0 binocular magnifier (Leica Camera AG, Wetzlar, Germany) was used to obtain photographs of the workpiece's surface at 80× magnification.
Surface Roughness Results
In Table 3 , as an example, roughness values of experiment 16 are compared, considering both A and B manufacturing strategies, respectively, at different angles which correspond to ascendant and descendant trajectories. Experiment 16 was chosen because it corresponds to high a p , a e , f z , and v c values (cutting conditions shown in Table 2 ), which lead to higher roughness values. In the images, changes of surface topography can be observed as a function of machining strategy (conventional or climb milling), position angle of the machined surface, and whether the tool displacement along f z trajectory is ascendant or descendant. According to the methodology explained in Section 2, different slopes of the machined semi-cylindrical workpieces were considered. • . In conventional milling, similar results were obtained. As a general trend, lower roughness values were obtained for conventional milling than for climb milling in the ascendant trajectory, and higher roughness values were obtained for conventional milling than for climb milling in the descendant trajectory.
In Figure 5 , machined surfaces of experiment 16 are presented. In experiment 16, for each angle considered, surface topography obtained in climb milling is similar to that obtained in conventional milling. However, Table 3 shows that in general, when f z trajectory is ascendant, roughness is lower for conventional milling (165 • to 135 • ) than for climb milling (15 • to 45 • ). On the other hand, when f z trajectory is descendant, roughness is lower for climb milling (135 • to 165 • ) than for conventional milling (45 • to 15 • ). At 90 • , instead of straight cutting marks, semicircular cutting marks are observed, suggesting that the tool does not cut properly because of zero cutting speed [1, 2] . In experiment 16, for each angle considered, surface topography obtained in climb milling is similar to that obtained in conventional milling. However, Table 3 shows that in general, when fz trajectory is ascendant, roughness is lower for conventional milling (165° to 135°) than for climb milling (15° to 45°). On the other hand, when fz trajectory is descendant, roughness is lower for climb milling (135° to 165°) than for conventional milling (45° to 15°). At 90°, instead of straight cutting 
Models for Surface Roughness
In this study, first the main cutting conditions that minimize Ra and Rt roughness parameters and their variability were selected. In addition to strategies and cutting conditions, inclination of the machined surface was considered, as there seems to be a lack of knowledge on the attained roughness in the manufacturing process of molds when different slopes have to be machined. Within the range of a e and f z values studied, surface topography is mainly determined by roughness in the transversal direction, which is perpendicular to tool marks in the feed f z direction. Along tool marks the roughness level is remarkably low, since f z < a e [24, 25] . For this reason, 2D roughness was studied along the transversal direction (perpendicular to tool marks).
Vivancos et al. [15] previously analyzed this behavior by considering four factors (a p , a e , f z and v c ) in regression models and by taking into account average roughness values in the whole workpiece without considering influence of each position angle separately. In order to obtain a more accurate analysis, it is necessary to consider the effect of each surface slope on obtained roughness, which is one of the core points of this work. Vakondios et al. [20] considered surface inclination in regression models for average maximum height of the profile, Rz. In the present study, regression analysis was carried out considering not only cutting conditions but also position angle of the surface on two different roughness parameters, Ra and Rt. Both regression and neural networks models were obtained. All regression analyses were carried out using Statgraphics®Centurion XVI. Regarding neural network models, the results found in this study were obtained by using the Neural Network Toolbox TM (São Paulo, Brazil) of Matlab TM (Mathworks, Natick, MA, USA). In addition, the optimal cutting strategy between climb and conventional milling was selected for different cutting conditions and inclination angles.
Regression Models and Analysis of Arithmetic Average Roughness, Ra
Ra was modeled by means of regression analysis, taking into account variability due to cylindrical geometry of the workpiece studied in this present work. In order to model the behavior of Ra for both manufacturing strategies (climb milling and conventional milling), second-order models were selected after analyzing p-values obtained from the lack-of-fit test performed with the first order modeling (3.0 × 10 −12 and 3.04 × 10 −4 , respectively). Since these p-values for the lack-of-fit are less than 0.05, there is a statistically significant lack-of-fit at the 95.0% confidence level, which means that first order models do not adequately represent the data. R 2 and adjusted-R 2 were 68.43% and 67.25% for climb milling, respectively, while R 2 and adjusted-R 2 were 69.40% and 68.26% for conventional milling, respectively.
Since there is lack of fit with the first order model, second order models were considered. For Ra in climb milling, the R 2 and adjusted-R 2 are 79.48% and 77.64%, respectively, and equations were obtained so that adjusted-R 2 is maximized. Four main effects (a e , Ang, v c and f z ) turned out to be relevant in the model in order to obtain the highest adjusted-R 2 . Parameters a e and a e 2 turned out to be the most significant for a confidence level of 95% (α = 0.05) (p-values ≤ 0.01). As can be observed in Figure 6 , surface roughness remains almost constant with respect to a p , v c and f z . Moreover, it can be shown that Ra has a quadratic tendency with regard to a e , where a e is the parameter that most influences Ra. Therefore, minimization of a e will lead to a reduction in roughness values. This can be attributed to the fact that a e determines width of machining marks, and in addition f z values are low.
In the study the rest of the factors are kept at their central values. Moreover, it can be shown that Ra has a quadratic tendency with regard to Ang.
Equations (1) and (2) show the proposed modeling for Ra using both climb and conventional milling. For Ra in conventional milling, R 2 and adjusted-R 2 are 76.52% and 73.84%, respectively. Four main effects (a e , v c , Ang and a p ,) turned out to be relevant in the model in order to obtain the highest adjusted-R 2 . Similar to the results obtained in climb milling, a e and a e 2 were the most significant factors at a confidence level of 95% (α = 0.05) (p-values ≤ 0.01).
As can be observed in Figure 6 , surface roughness has a quadratic tendency with regard to a e , and a slight slope with respect to both a p and v c . In this case, factor f z was not significant in the model that provides the highest adjusted-R 2 . Moreover, a quadratic tendency with regard to the angle was observed. Conventional milling (Figure 6b ) follows a similar tendency to climb milling (Figure 6a) regarding a e , which is the most significant parameter. However, this influence is smaller than that obtained in climb milling. Equations (1) and (2) show the proposed modeling for Ra using both climb and conventional milling. For Ra in conventional milling, R 2 and adjusted-R 2 are 76.52% and 73.84%, respectively. Four main effects (ae, vc, Ang and ap,) turned out to be relevant in the model in order to obtain the highest adjusted-R 2 . Similar to the results obtained in climb milling, ae and ae 2 were the most significant factors at a confidence level of 95% (α = 0.05) (p-values ≤ 0.01).
As can be observed in Figure 6 , surface roughness has a quadratic tendency with regard to ae, and a slight slope with respect to both ap and vc. In this case, factor fz was not significant in the model that provides the highest adjusted-R 2 . Moreover, a quadratic tendency with regard to the angle was observed. Conventional milling (Figure 6b ) follows a similar tendency to climb milling (Figure 6a ) regarding ae, which is the most significant parameter. However, this influence is smaller than that obtained in climb milling. 
Regression Models and Analysis of Maximum Peak-to-Valley Roughness Rt
Similar to the results obtained for Ra, the behavior of Rt was modeled, taking into account variability due to cylindrical geometry of the workpiece studied. In order to model the behavior of Rt in both manufacturing strategies (climb and conventional milling), second-order models were selected after analyzing p-values obtained from the lack-of-fit test performed with the first order modeling (5.52 × 10 −5 and 1.14 × 10 −26 , respectively). In all cases, obtained equations were simplified in order to obtain models with the highest adjusted-R 2 .
For Rt, in climb milling the R 2 and adjusted-R 2 are 78.04% and 75.53%, respectively. Four main effects (a e , Ang, f z and a p ,) were present in the model in order to obtain the highest adjusted-R 2 . The parameters a e and a e 2 were the most important parameters at a confidence level of 95% (α = 0.05) (p-values ≤ 0.01) (Figure 7a ). For Rt, in conventional milling R 2 and adjusted-R 2 were 63.03% and 58.80%, respectively. Three main effects (a e , a p , and Ang) were present in the model in order to obtain the highest adjusted-R 2 . Similar to the result obtained for climb milling, a e and a e 2 were the most important parameters at a confidence level of 95% (α = 0.05) (p-values ≤ 0.01) (Figure 7b ). As can be observed in Figure 6 , ae is the most influential parameter on Rt in both climb and conventional milling, which is similar to the results obtained for Ra in the present paper and for Rz parameter in other works [19, 20] . Surface roughness has a quadratic behavior with respect to ae in climb and conventional milling, and a slight slope with both ap and vc in conventional milling. In climb milling, surface roughness remains almost constant with respect to ap, fz and vc. The fact that ae has a greater influence on roughness than fz in ball-end milling processes can be explained by the fact that at low radial depth of cut ae, the influence of feed per tooth fz is minimized by the tool performing very close successive passes in the ae direction. Very close parallel grooves will be obtained. Thus, very similar roughness values will be achieved regardless of fz employed for the same ae value [24] .
ANN Modeling for Ra and Rt
An artificial neural network (ANN) was also employed in this present study for modeling both Ra and Rt. This ANN was made up of an input layer, a hidden layer, and an output layer. The neural network considered in this work has a 5-1-4 configuration, which corresponds with five inputs (the four cutting conditions uses in regression analysis (ae, ap, fz, and vc) and the position angle of the surface (Ang), which is related to the slope of the surface to be machined. The network has one neuron in the hidden layer, and four outputs, one for each of the roughness parameters and machining strategies considered. Equation (5) As can be observed in Figure 6 , a e is the most influential parameter on Rt in both climb and conventional milling, which is similar to the results obtained for Ra in the present paper and for Rz parameter in other works [19, 20] . Surface roughness has a quadratic behavior with respect to a e in climb and conventional milling, and a slight slope with both a p and v c in conventional milling. In climb milling, surface roughness remains almost constant with respect to a p , f z and v c . The fact that a e has a greater influence on roughness than f z in ball-end milling processes can be explained by the fact that at low radial depth of cut a e , the influence of feed per tooth f z is minimized by the tool performing very close successive passes in the a e direction. Very close parallel grooves will be obtained. Thus, very similar roughness values will be achieved regardless of f z employed for the same a e value [24] .
An artificial neural network (ANN) was also employed in this present study for modeling both Ra and Rt. This ANN was made up of an input layer, a hidden layer, and an output layer. The neural network considered in this work has a 5-1-4 configuration, which corresponds with five inputs (the four cutting conditions uses in regression analysis (a e , a p , f z , and v c ) and the position angle of the surface (Ang), which is related to the slope of the surface to be machined. The network has one neuron in the hidden layer, and four outputs, one for each of the roughness parameters and machining strategies considered. Equation (5) shows the roughness parameters Ra and Rt for both machining strategies as a function of a p , a e , f z , v c , and Ang. where Climb. corresponds to climb milling and Conv. Corresponds to conventional milling.
The design of experiments, previously shown in Table 2 , was used to train the ANN. It was decided to choose one neural network with four outputs, since the results obtained were similar to those obtained for independent networks for each output. With this ANN a correlation value of 0.914 was obtained. This value is similar to that obtained by other authors with ANN models [19] . Hence, ANN 5-1-4 provides a relatively simple model with high precision, which in a compact way allows approximation of Ra and Rt roughness parameters in both machining strategies studied. This might be attributed to the fact that roughness parameters are related and they show similar variability.
Optimal Manufacturing Strategy Selection
In order to compare both machining strategies, a diagram of both average roughness values and standard deviations of roughness values obtained at different inclination angles for the 28 experiments considered is shown in Figures 7 and 8 , for Ra and Rt, respectively. From these figures it is possible to determine which machining strategy is more appropriate for the cutting conditions selected in this present work.
experiments considered is shown in Figures 7 and 8 
values, but also its variability for different inclination angles. This will lead to a more uniform surface roughness. Then, in order to minimize variability (Figure 8b ), the use of conventional milling is recommended in experiments 3, 4, 7, 8, 11, 12, 15, 16, and 24 . Those experiments have a general tendency to exhibit high ae values (ae = 0.3 mm). Using climb milling is recommended in experiments 2, 5, 6, 9, 10, 14, 17, 18, 20, 21, 25, and 27, which in general correspond with low and medium ae values (ae = 0.1 mm and ae = 0.2 mm, respectively).
For the remainder of experiments, similar values were obtained for both conventional and climb milling. Figure 9a also shows that average Rt values are similar for both machining strategies. However, variability (Figure 9b ) determines that conventional milling is recommended in experiments 7, 11, 12, 13, 15, 16, and 24. As a general trend, those experiments correspond to high ae values (ae = 0.3 mm), with high vc values (vc = 250 m/min). Climb milling is recommended in experiments 2, 3, 4, 5, 6, 10, 14, 17, 18, 19, 20, 21, 22, 25 , and 26, which correspond to maximum ae with minimum vc, minimum ae with maximum vc, or medium ae with medium vc values. For the rest of experiments, the values obtained are similar.
Ra and Rt average values do not vary significantly between climb and conventional milling. Given that mold manufacturers require roughness uniformity at different inclination angles of the machined surface, the most appropriate process will be chosen between conventional and climb milling, taking variability into account in the experiments studied (Table 4) . Therefore, a manufacturing strategy will be selected that minimizes variability of roughness values in different angular positions. If Ra and Rt show opposite tendencies, a manufacturing strategy will be preferred that minimizes Rt, since Ra is a high-averaging parameter and, therefore, tends to mask errors on the machined surface. This does not happen with Rt. In the case where both strategies lead to the same Rt variability, then the strategy minimizing Ra variability will be chosen. Figure 8a shows that average Ra values are very similar for both climb milling and conventional milling, if the same experiment is taken into consideration. However, in surfaces with variable inclinations, such as those found in injection molds, it is interesting not only to minimize roughness average values, but also its variability for different inclination angles. This will lead to a more uniform surface roughness. Then, in order to minimize variability (Figure 8b ), the use of conventional milling is recommended in experiments 3, 4, 7, 8, 11, 12, 15, 16, and 24 . Those experiments have a general tendency to exhibit high a e values (a e = 0.3 mm). Using climb milling is recommended in experiments 2, 5, 6, 9, 10, 14, 17, 18, 20, 21, 25 , and 27, which in general correspond with low and medium a e values (a e = 0.1 mm and a e = 0.2 mm, respectively).
For the remainder of experiments, similar values were obtained for both conventional and climb milling. Table 4 summarizes the type of machining strategy that is recommended for each cutting condition and for each cutting strategy. The table shows that in 17 of 28 cutting conditions tested, climb milling is preferred. Conventional milling is only preferred in 8 cutting conditions, which in general corresponds with high ae with high vc. For the rest of the experiments, it makes no difference whether one or the other machining strategy is used. As was stated earlier, minimization of Rt has priority with respect to minimization of Ra. Std means standard deviation of roughness values for the different inclination angles. Conv. Milling stands for conventional milling. Ra and Rt average values do not vary significantly between climb and conventional milling. Given that mold manufacturers require roughness uniformity at different inclination angles of the machined surface, the most appropriate process will be chosen between conventional and climb milling, taking variability into account in the experiments studied (Table 4) . Therefore, a manufacturing strategy will be selected that minimizes variability of roughness values in different angular positions. If Ra and Rt show opposite tendencies, a manufacturing strategy will be preferred that minimizes Rt, since Ra is a high-averaging parameter and, therefore, tends to mask errors on the machined surface. This does not happen with Rt. In the case where both strategies lead to the same Rt variability, then the strategy minimizing Ra variability will be chosen. Table 4 summarizes the type of machining strategy that is recommended for each cutting condition and for each cutting strategy. The table shows that in 17 of 28 cutting conditions tested, climb milling is preferred. Conventional milling is only preferred in 8 cutting conditions, which in general corresponds with high a e with high v c . For the rest of the experiments, it makes no difference whether one or the other machining strategy is used. As was stated earlier, minimization of Rt has priority with respect to minimization of Ra. Std means standard deviation of roughness values for the different inclination angles. Conv. Milling stands for conventional milling. Regarding influence of angle, for both strategies (climb and conventional milling), when angle increases roughness decreases. However, it should be taken into account that high angles in climb milling (descendant trajectory) correspond to low angles in conventional milling (descendant trajectory), and low angles in climb milling (ascendant trajectory) correspond to high angles in conventional milling (ascendant trajectory). With all this, it is recommended to use climb milling in descendant trajectories and conventional milling in ascendant trajectories.
Conclusions
In the present study, as a general tendency climb milling is preferred to conventional milling. In general, conventional milling is only recommended at a high radial depth of cut with high cutting speed values. In order to reduce roughness values, in ascendant trajectories conventional milling is preferred and in descendant trajectories climb milling is recommended.
From the results obtained, it was determined that radial depth of cut was the most relevant factor on Ra and Rt for both climb and conventional milling. Axial depth of cut, cutting speed and feed per tooth have a slight influence on roughness within the range studied in this study. Regression models for average roughness showed high adjusted-R 2 values (above 73%) in all cases. Moreover, a correlation value of 0.914 was obtained with the neural network model employed.
Experimental roughness values obtained with both strategies (climb and conventional milling) were similar. However, in complex surfaces with variable inclination, such as those of injection molds, it is recommended not only to minimize roughness average values, but also its variability for different inclination angles. This will lead to more uniform surfaces. In the present study, it was found that the standard deviation of roughness parameters varies depending on the machining strategy chosen, for the different experiments carried out. 
